Introduction
The hematopoietic stem cell (HSC), which maintains blood cell production throughout adult life, resides in the bone marrow. However, these hematopoietic progenitors arise in distinct anatomical sites within the embryo before colonization of the bone marrow. 1 Key transcription factors are necessary to regulate the development and the emergence of functional HSCs from the mesoderm. The homeobox family of transcription factors, which is characterized by an evolutionarily conserved 60-amino acid DNAbinding homeodomain, is known to play an important role in developmental biology. 2 Specifically, hematopoietically expressed homeobox (Hhex) has been reported to be an essential regulator of embryonic development and hematopoiesis. [3] [4] [5] [6] [7] Hhex has been found to be an important transcription factor in embryogenesis because Hhex Ϫ/Ϫ mice display embryonic lethality starting at embryonic day E10.5 to E11.5 due to impaired forebrain, liver, and thyroid development. [8] [9] [10] Furthermore, Hhex is expressed in areas of the embryo that contribute to both hematopoietic and vascular development. 11 Hhex expression is initially seen in the blood islands of the yolk sac at the same time Flk-1 expression is initiated. 9 In the adult, Hhex gene expression has been observed in many blood cell types, including multipotent progenitors, B lymphocytes, and myeloid lineages. 3, 12 Yet Hhex gene expression has been shown to be down-regulated on terminal differentiation of these lineages. 7, 11 Preliminary evidence suggests that Hhex may regulate definitive hematopoiesis. 6, 7, 13 Specifically, Hhex is required for hematopoietic output from the hemangioblast, because Hhex Ϫ/Ϫ embryoid bodies (EBs) show a statistically significant decrease in the ability to form definitive hematopoietic colonies. 6, 13 In addition, although Hhex ϩ/ϩ and Hhex ϩ/Ϫ yolk sacs display similar numbers of primitive and definitive hematopoietic progenitors, the number of colonies from Hhex Ϫ/Ϫ yolk sac was dramatically reduced. 6 Hhex has also been shown to play a significant role in B-cell development with Hhex Ϫ/Ϫ ;RAG1 Ϫ/Ϫ chimeric mice showing decreased B220 ϩ CD19 ϩ B-cell production. 4 Overall, these results suggest Hhex expression is critical for normal hematopoietic progenitor cell function, but they do not describe how Hhex transcriptional activity regulates hematopoiesis.
Given that Hhex is a key regulator of embryogenesis, it became important to further define the role of Hhex at various stages of hematopoietic development. Our work shows that Hhex is required for the initial formation of the hemangioblast, as well as, is essential for the proper maturation and proliferation of the CD41 ϩ ckit ϩ progenitor.
ES-cell differentiation
ES cells were cocultured on OP9 stromal cells as previously described, with a few modifications. Our modifications included the following: (1) the irradiation of OP9 stroma, (2) the lack of a 30-minute replating step before reseeding of day 5 coculture cells onto new OP9, and (3) the harvesting of the entire coculture rather than only the floating hematopoietic cells. 14 OP9 stroma were irradiated at 80 Gy (Cs137) and plated at 7.8 ϫ 10 4 cells/cm 2 24 hours before seeding of ES cells. On day 0, 1 ϫ 10 3 undifferentiated ES cells were plated, per cm 2 , on confluent, irradiated layers of OP9 stroma. On day 5 of coculture, differentiating ES cells and OP9 stroma were harvested with 0.25% Trypsin-ethylenediaminetetraacetic acid (StemCell Technologies). After trypsinization, 4.31 ϫ 10 4 to 5.51 ϫ 10 4 total cells/cm 2 , were reseeded onto a new layer of confluent, irradiated OP9 cells until the end of the coculture time period (9 maximum total days).
Fluorescence-activated cell sorting analysis
Single-cell suspensions were prepared from cocultures by treating with 0.25% Trypsin-ethylenediaminetetraacetic acid and passaged through a 21-guage blunt-end needle. One million cells were preincubated with rat anti-mouse CD16/CD32 (FCR-4G8; Invitrogen) to prevent nonspecific binding of monoclonal antibody to FcR receptors. To determine expression of cell surface markers the following reagents were used: anti-CD34-fluorescein isothiocyanate (MEC14.7; AbD Serotec), anti-CD34-phycoerythrin (PE; MEC 14.7; Invitrogen), anti-CD41-PE (MWReg30; BD Biosciences), anti-c-Kit-TriColor (2B8; Caltag), anti-c-Kit-PE-indocyanine 7 (Cy7; 2B8; BD Bioscience), anti-Flk-1-allophycocyanin (APC; Avas12a1; eBioscience), anti-CD45-APC-Cy7 (30-F11; BD Bioscience), anti-B220-PE (RA3-6B2; BD Bioscience), anti-CD19-TC (6D5; AbD Serotec), anti-CD11b-APC (M1/70.15.11.5; Miltenyi Biotec). Cells were stained for 30 minutes on ice. Flow cytometry was performed either on a modified BD FACScan or LSR flow cytometer (BD Biosciences) and analyzed with the use of FlowJo Version 8.8.6 software (TreeStar Inc).
Cell-cycle and apoptosis analyses
Cell-cycle profiles were determined with the use of Hoechst 33342 (Invitrogen). Cells were first incubated with anti-CD41-PE (MWReg30; BD Biosciences), anti-c-Kit-TriColor (2B8; Caltag), anti-CD45-PE (30-F11; BD Biosciences), or anti-CD45-fluorescein isothiocyanate (YW62.3; AbD Serotec) as in "Fluorescence-activated cell sorting analysis." Cells were then incubated with 5 g/mL Hoechst 33342 for 45 minutes at 37°C in ␣-minimum essential medium (Invitrogen). Flow cytometry was analyzed with the use of the Dean-Jett-Fox model associated with the FlowJo software.
The frequency of apoptotic cells within the CD41 ϩ and CD45 ϩ cell populations was determined with the use of 7 amino-actinomycin D (7-AAD; BD Biosciences). Briefly, cells were stained with either anti-CD41-PE or anti-CD45-PE as in "Fluorescence-activated cell sorting analysis," then incubated with 0.25 g 7-AAD for 10 minutes on ice.
Quantitative real-time polymerase chain reaction
RNA from flow-sorted CD41 ϩ CD45-c-kit ϩ cells was extracted with the use of the RNeasy Micro kit (QIAGEN). Concentration and purity of RNA were determined by spectrophotometric analysis. cDNA synthesis was performed with SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's directions. Semiquantitative real-time polymerase chain reaction (PCR) was performed with the use of the iQ SYBR Green Supermix (Bio-Rad Laboratories Inc) and an iCycler Thermal cycler (Bio-Rad Laboratories Inc). The PCR primers used to detect GAPDH were as follows: forward, 5Ј-ACTCCACTCACGGCAAATTCA-3Ј, and reverse, 5Ј-CGCTCCTGGAAGATGGTGAT-3Ј; MLL forward, 5Ј-ATCAACGATA-AGCCAGGATA-3Ј, and reverse, 5Ј-TAGTTTGCATGGATACCACA-3Ј; Cyclin D1 forward, 5Ј-TGAAGGAGACCATTCCCTTG-3Ј, and reverse, 5Ј-CCACTTGAGCTTGTTCACCA-3Ј; Cyclin B1 forward, 5Ј-TCTCT-CAGTGCCCTCCACAG-3Ј, and reverse, 5Ј-CAAAGCACACCCCT-GGAAGA-3Ј.
Hematopoietic sorts and colony assays
Total cocultures were stained as in "Fluorescence-activated cell sorting analysis" with the use of anti-CD41-PE, anti-c-Kit-TriColor, and anti-CD45-APC-Cy7 antibodies. CD41 ϩ CD45 Ϫ c-kit ϩ cell populations were sorted with the use of a BD FACSAriaII Cell Sorter. A total of 25 000 cells was plated into 35-mm dishes (5 dishes, 5000 cells/dish) in MethoCult GF M3434 (StemCell Technologies). Colonies were enumerated after 7 days. The total number of cells within each colony assay (plated at 10 000 cells/ dish) was determined after 7 days.
Results

Hematopoietic initiation coincides with increased Hhex expression
The murine ES cell/OP9 coculture system is a highly reproducible way to model embryonic hematopoiesis in vitro, because it recapitulates the development of the earliest hematopoietic precursors and their differentiation into erythroid, B-cell, and myeloid lineages. 14, 15 This coculture system provides a variety of benefits, namely that (1) the earliest definitive hematopoietic progenitors can be generated without murine embryos and (2) the differentiation of various progenitors into more committed myeloid and lymphoid lineages can be evaluated in vitro. 15, 16 A clear understanding of the pattern of Hhex gene expression is required to refine a testable hypothesis that centers on the precise role Hhex transcriptional activity plays in hematopoietic development. Hhex expression was measured by quantitative real-time PCR from ES-derived progeny on days 4 to 8 of coculture. Hhex exhibited a greater than 3-fold up-regulation in gene expression from the Flk-1 ϩ hemangioblast stage to the hematopoietic precursor cell stage (days 4/5 to 8; supplemental Figure 1A -B, available on the Blood Web site; see the Supplemental Materials link at the top of the online article). This result suggests that Hhex may play a role in the generation of the earliest hematopoietic progenitors from the hemangioblast.
Loss of Hhex expression leads to a delay in hemangioblast development
The Flk-1 ϩ hemangioblast is defined as the common mesodermal precursor for both the hematopoietic and endothelial lineages. Given that Hhex expression is detectable at the onset of hemangioblast formation (supplemental Figure 1A-B) , it became important to assess whether Hhex regulates hemangioblast development. Wild-type (wt) and Hhex Ϫ/Ϫ ES cell cocultures were harvested on days 4 through 6 of differentiation and evaluated for Flk-1 expression by flow cytometry ( Figure 1A ). The absence of Hhex expression significantly affects the frequency of Flk-1 ϩ cells and the total number of Flk-1 ϩ progenitors on day 4, compared with wt cocultures (Figure 1B-C) . However, on days 5 and 6, the frequency and number of Flk-1 ϩ progenitors are restored ( Figure 1B-C We next wanted to determine whether loss of Hhex expression affects the development of definitive hematopoietic progenitors from the hemangioblast. In the murine embryo, CD41 expression denotes the initiation of definitive hematopoiesis. 17, 18 Similarly, ES cells placed in coculture begin to express CD41 after the Flk-1 ϩ hemangioblast stage. 19 As CD41 ϩ definitive hematopoietic progenitors mature, they become CD41 ϩ CD45 ϩ , with the subsequent down-regulation of CD41. Looking at the overall pattern of hematopoietic cell development one can distinguish 3 main hematopoietic cell populations: a CD41 ϩ CD45 Ϫ (early), a CD41 ϩ CD45 ϩ (intermediate), and a CD41 Ϫ CD45 ϩ (late) progenitor population ( Figure 2A ). Wt hematopoietic cells show a transition from a predominantly CD41-single positive state to a CD45-single positive state from days 6 to 9 of coculture (Figure 2A-B) . In contrast, a greater portion of the Hhex Ϫ/Ϫ hematopoietic cells continue to express CD41 throughout the coculture time period; such that 80% of the Hhex Ϫ/Ϫ cells still express CD41 at day 9 ( Figure 2B ). These data suggest a delay in progenitor maturation, associated with a loss of Hhex expression that results in the accumulation of Hhex Ϫ/Ϫ progeny as the earliest definitive hematopoietic progenitors.
Hhex ؊/؊ ES progeny exhibit a reduced capacity to form mature CD45 ؉ definitive progenitors
To further characterize the hematopoietic defect, the number of hematopoietic progenitors was determined for the coculture time period (supplemental Figure 2A-B) . A greater number of wt cells were CD41 ϩ on day 6 of culture compared with the Hhex Ϫ/Ϫ cells (P ϭ .047; Figure 3A) , with the trend continuing through day 8. However, by day 9, Hhex Ϫ/Ϫ progeny showed statistically higher number of CD41 ϩ cells than wt Jet cocultures (P ϭ .003; Figure 3A ). We then determined the number of CD41 ϩ ckit ϩ cells, defined as the earliest definitive hematopoietic progenitors, emerging from both wt and Hhex Ϫ/Ϫ cocultures (supplemental Figure 2A-B) . 17 The number of wt CD41 ϩ c-kit ϩ cells reached maximal levels at day 7 and then declined dramatically on days 8 and 9 ( Figure 3B ). Interestingly, the number of Hhex Ϫ/Ϫ CD41 ϩ c-kit ϩ definitive hematopoietic progenitors persisted longer in coculture than those derived from wt Jet cocultures ( Figure 3B ). These results indicate that loss of Hhex expression also results in the significant accumulation of the earliest definitive hematopoietic progenitors.
As definitive hematopoietic progenitors mature they begin to express the panhematopoietic marker CD45. In coculture, all of the CD45 ϩ hematopoietic cells develop from the CD41 ϩ cell population. 19 Coculture cells were assayed for the expression of CD45 cell surface marker (supplemental Figure 2Aiii , Biii). We observed a greater than 3-fold increase in wt CD45 ϩ cells from day 6 to day 7, which is maintained through day 9 ( Figure 3C ). In contrast, the absolute number of Hhex Ϫ/Ϫ CD45 ϩ cells is significantly reduced, compared with wt CD45 ϩ cells, on days 6 to 8 ( Figure 3C ).
Further, results show that wt cells differentiate more significantly toward a more mature, adult CD45 ϩ c-kit ϩ progenitor phenotype than Hhex Ϫ/Ϫ cells, at days 6 and 7 (P ϭ .025 and P ϭ .003, respectively; Figure 3D ). However, the number of wt CD45 ϩ c-kit ϩ cells begins to decrease, eventually reaching the number of Hhex Ϫ/Ϫ CD45 ϩ c-kit ϩ cells ( Figure 3D ). These results confirm that Hhex Ϫ/Ϫ -derived progenitors do not transition into the more mature hematopoietic progenitors at the same rate or frequency as the wt progenitors. 
Hhex ؊/؊ ES progeny can differentiate into both myeloid and lymphoid lineages
Because loss of Hhex expression affects hematopoietic progenitor development, the next logical question is whether Hhex affects the differentiation of the hematopoietic progenitor into the various hematopoietic lineages. Previous literature suggests that loss of Hhex expression results in both myeloid and lymphoid defects. 4, 6, 20 We examined the expression of CD19, B220 (CD45R), and CD11b within the CD45 ϩ cell population of wt Jet and Hhex Ϫ/Ϫ cocultures to characterize the myeloid and lymphoid progeny. B220 (CD45R) staining shows a significant difference in the number of CD45 ϩ B220 ϩ cells produced on day 6; however, this difference was not sustained over the days of coculture ( Figure 4A ). In general, the percentage of CD19 ϩ and CD11b ϩ cells within the CD45 ϩ population remained the same for both wt and Hhex Ϫ/Ϫ ES-derived progeny ( Figure 4B-C) . Hence, although loss of Hhex expression results in reduced CD45 ϩ cell numbers, those cells that become CD45 ϩ are still able to differentiate into more committed B and myeloid lineages at the same frequency as wt Jet CD45 ϩ cells.
Loss of Hhex expression leads to hematopoietic colony defects
A majority of the Hhex Ϫ/Ϫ ES-derived progeny remain as CD41 ϩ CD45-c-kit ϩ cells, the earliest definitive hematopoietic progenitors; therefore, we reasoned that this population might be the origin of the definitive hematopoietic defect. To compare the function of these progenitors, we performed colony assay from flow sorted CD41 ϩ CD45 Ϫ c-kit ϩ cells from days 6 to 8 cocultures. Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ did not show a significant change in the frequency of colony distribution (granulocyte-macrophage colony-forming unit, mixed lineage colony-forming unit, erythroid burst-forming unit) compared with wt progenitor-derived colonies ( Figure 5A ). However, the absolute number of colonies derived from Hhex Ϫ/Ϫ day 6 and day 7 isolated CD41 ϩ CD45 Ϫ c-kit ϩ cells was significantly reduced (P Ͻ .001; Figure 5A asterisk). Interestingly, Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ show significantly increasing colony formation, over the days isolated, such that day 8 wt and Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells exhibit a similar number of total colonies. However, despite an increase in the total number of colonies, the average colony size for Hhex Ϫ/Ϫ samples on days 6, 7, and 8 was dramatically smaller, with the total number of cells found per Hhex Ϫ/Ϫ colony assay being significantly reduced (P Ͻ .05; Figure 5B -C). These results indicate that Hhex Ϫ/Ϫ hematopoietic progenitors have a reduced capacity for hematopoietic outgrowth.
Hhex ؊/؊ hematopoietic progenitors exhibit aberrant cell-cycle profiles
The reduced ability of Hhex Ϫ/Ϫ Jet ES cells to develop into mature CD45 ϩ cells could be due to apoptosis, cell-cycle arrest, or both. To assay for apoptotic cells, wt and Hhex Ϫ/Ϫ hematopoietic cells were stained with CD41 and CD45 and then with the DNA dye 7-AAD. 21 The 7-AAD staining showed no statistically significant difference in cell viability between wt and Hhex Ϫ/Ϫ CD41 ϩ and CD45 ϩ cells (supplemental Figure 3A-B) .
We next looked at potential cell-cycle changes associated with loss of Hhex. To assess cell-cycle profiles, the c-kit ϩ populations within the CD41 ϩ CD45 Ϫ (early progenitor) and CD41 ϩ CD45 ϩ (intermediate progenitor) cell populations were assayed (supplemental Figure 4A-B) . Because of the low numbers of Hhex Ϫ/Ϫ CD41 Ϫ CD45 ϩ cells, it was not possible to assay cell cycle for the CD41 Ϫ CD45 ϩ c-kit ϩ cell populations. Hoechst 33342 staining of the earliest progenitors, the CD41 ϩ CD45 Ϫ c-kit ϩ cells, showed that the Hhex Ϫ/Ϫ progenitors appear to be abnormally accumulating in the G 2 phase of the cell cycle (Table 1) . Day 7 results show a significant difference in the G 2 phase of the cell cycle, with a higher frequency of Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells in G 2 of the cell cycle (Table 1 ). In addition, day 8 Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ on average have a higher percentage of cells in G 2 , in addition to exhibiting a significantly lower number of cells in S phase (Table 1) .
Similarly, the intermediate Hhex Ϫ/Ϫ CD41 ϩ CD45 ϩ c-kit ϩ progenitors appear to be accumulating in the G 2 phase of the cell cycle. (Table 2 ). These results suggest that G 2 accumulation by the Hhex Ϫ/Ϫ definitive progenitors may account in part for the persistence of the CD41 ϩ and CD41 ϩ c-kit ϩ cells in culture (Figures 2-3) . Therefore, an aberrant cell-cycle status may be the underlying cause of the maturation defect and the reduced production of hematopoietic progeny.
Loss of Hhex expression leads to down-regulated Cyclin D1 expression
To further confirm Hhex Ϫ/Ϫ progenitor accumulation in the G 2 phase of the cell cycle we decided to assess Cyclin D1 expression. Cyclin D1 is necessary for transition through G 1 of the cell cycle; however, expression initiates in the G 2 phase. 22, 23 Therefore, because early CD41 ϩ CD45 Ϫ c-kit ϩ and intermediate CD41 ϩ CD45 ϩ c-kit ϩ cells accumulate at G 2 (Tables 1-2) , Cyclin D1 expression could be down-regulated in the Hhex Ϫ/Ϫ progenitors. Cyclin D1 expression was found to be down-regulated 1.3-, 2.7-, and 3.9-fold in days 6 through 8 CD41 ϩ CD45 Ϫ c-kit ϩ Hhex Ϫ/Ϫ cells, respectively ( Figure 6A ). It is interesting to note that Cyclin B1 expression, which regulates G 2 /M, is the same in days 6 through 8 wt and Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells in 4 independent experiments (data not shown). These result confirm that loss of Hhex expression results in aberrant cell-cycle kinetics and indicates that Hhex is potentially directly regulating the G 1 phase of the cell cycle in the hematopoietic progenitor.
Loss of Hhex expression leads to down-regulated Mll gene expression
The generation of the earliest hematopoietic progenitors requires the proper function of various transcription factors, epigenetic modifiers, and cell-cycle regulators. 24 One gene known to regulate the maturation of the definitive hematopoietic progenitor is the Cell-cycle profiles for early CD41 ϩ CD45 Ϫ c-kit ϩ progenitors on days 6 to 8. Each cell within the table represents the average percentage within each phase of cell cycle Ϯ the standard deviation, as determined from 3 experiments. Gating for cell cycle is shown in supplemental Figure 4 . Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells are accumulating in the G2 phase of the cell cycle. Day 7 shows a significant difference in G2 phase of the cell cycle, with Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells accumulating in G2 of the cell cycle. In addition, day 8 cocultures show that wt CD41 ϩ CD45 Ϫ c-kit ϩ have a significantly higher number of cells in S phase, but Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ on average still have higher number of cells in G2.
*P Ͻ .005, 2-tailed t test. †P Ͻ .05, 2-tailed t test.
mixed lineage leukemia Mll gene. 25 Mll encodes a DNA-binding protein, which methylates H3 lysine 4, and is frequently involved in various chromosomal translocations associated with acute myeloid leukemia. 26 Interestingly, the Hhex Ϫ/Ϫ -associated definitive hematopoietic defect mirrors that reported with loss of Mll expression. 6, 8, 13, 25, [27] [28] [29] Specifically, although Mll Ϫ/Ϫ EBs exhibit normal CD41 ϩ c-kit ϩ cell production, hematopoietic colony formation from Mll Ϫ/Ϫ CD41 ϩ c-kit ϩ cells is significantly reduced. 25 In addition, cell-cycle analysis of Mll Ϫ/Ϫ progenitors shows aberrant cell-cycle profiles, with adult Mll Ϫ/Ϫ HSCs exhibiting increased cycling. 28, 29 Overall, these results suggest that Mll regulates hematopoietic progenitor development in part through cell-cycle regulation. 28, 29 The regulation of various Hox family members by Mll, along with the analogous Mll Ϫ/Ϫ and Hhex Ϫ/Ϫ hematopoietic defects, suggests a potential connection between Mll and Hhex. 26, 30 Therefore, we examine whether loss of Hhex expression leads to altered Mll or Mll-target gene expression in sorted days 6 to 8 CD41 ϩ CD45 Ϫ c-kit ϩ cells. Mll expression, in a representative experiment, was found to be down-regulated 1.1-fold (day 6) and 1.6-fold (days 7 and 8) in the Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells ( Figure 6B ). Moreover, 5 independent experiments showed Mll expression was reduced 1.4-to 2-fold in day 7 Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells (data not shown). Note that the Hhex Ϫ/Ϫ progenitors begin to accumulate in G 2 , when expression of Mll is also decreased. These results indicate that a Hhex-regulated signaling pathway is potentially driving Mll expression within the definitive hematopoietic progenitor.
Mll is also known to regulate the expression of various Hox family members; therefore, we wanted to know whether Hox gene expression was also being altered in Hhex Ϫ/Ϫ progenitors. 30 Expression of Mll-target genes, Hoxa7, Hoxa9, and Hoxb4, was assayed by real-time PCR; however, expression levels were too low for proper quantification (data not shown).
Rescue of hematopoietic defect
Hhex knockout experiments showed that Hhex is essential for progenitor maturation; therefore, we assessed whether inducible Hhex expression could rescue the definitive hematopoietic defect. Because Hhex functions in the CD41 ϩ c-kit ϩ cell, Hhex expression was induced before this cell population emergence. Although the exact window of CD41 ϩ c-kit ϩ cell generation is not known, initial cocultures show the presence of CD41 ϩ cells at day 4 (data not shown). Therefore, we decided to induce Hhex expression, using a tetracycline (TET)-inducible system, at day 3 or day 5 of coculture. Hematopoietic rescue then was determined by changes in CD45 ϩ cell number (supplemental Figure 5) . At day 6, the number of CD45 ϩ cells was the same for Hhex Ϫ/Ϫ control (ϩTET) and Hhex re-expression (ϪTET, day 3 and day 5) cocultures. However, induction of Hhex expression at day 3 (ϪTET, day 3) resulted in an increase in CD45 ϩ cell numbers on days 7 and 8, compared with Hhex Ϫ/Ϫ control cocultures (supplemental Figure 5) . Similarly, CD45 ϩ cell number increased, relative to the control, when Hhex expression was introduced at day 5 (ϪTET, day 5). Note that there is delay in CD45 ϩ cell rescue when Hhex expression is reintroduced at day 5, as opposed to day 3 (supplemental Figure 5) . In addition, preliminary experiments show that reintroduction of Hhex expression (ϪTET, day 3) lead to a 1.6-to 2.2-fold, at day 7 or 8, up-regulation in Mll expression, over control (ϩTET) cocultures (data not shown). Overall, these results suggest that Hhex re-expression is able to at least partially rescue the Hhex Ϫ/Ϫ hematopoietic defect.
Discussion
Hematopoiesis begins at E7 to E8.25 within the extraembryonic yolk sac. 17 After a transient wave of primitive hematopoiesis, definitive hematopoietic progenitors appear in the murine yolk sac, placenta, and aorta-gonad-mesonephros. These highly proliferative Cell-cycle profiles for intermediate CD41 ϩ CD45 ϩ c-kit ϩ hematopoietic progenitors. Each cell within the table represents the average percentage within each phase of cell cycle Ϯ the standard deviation, as determined from 3 experiments. Gating for cell cycle is shown in supplemental Figure 4 . Hhex Ϫ/Ϫ CD41 ϩ CD45 ϩ c-kit ϩ cells appear to be accumulating in G2. Days 7 and 8 of coculture show a significant difference in G2 phase of the cell cycle, with Hhex Ϫ/Ϫ CD41 ϩ CD45 ϩ c-kit ϩ cells accumulating the G2 phase of the cell cycle, compared with wt CD41 ϩ CD45 ϩ c-kit ϩ progenitors. P Ͻ .05, 2-tailed t test.
hematopoietic progenitors then migrate to the fetal liver, the site of functional HSC maturation and hematopoietic lineage expansion and differentiation. Each stage of hematopoietic development requires a coordinated effort from various transcriptional activators, repressors, and epigenetic modifiers. 24 Here, our data show that Hhex carries out a gene program that is required at 2 distinct hematopoietic developmental stages, at the hemangioblast stage and for the developmental maturation of definitive hematopoietic progenitor.
To determine whether Hhex regulates the generation of hemangioblasts, cocultures were stained with Flk-1. We observed the percentage of Flk-1 ϩ cells and the number of Flk-1 ϩ cells was significantly different at day 4 of coculture but returned to wt levels by day 6 of coculture ( Figure 1B-C) . Therefore, our data suggest that Hhex plays a role in the development of the hemangioblast from mesodermal precursors. Although most literature shows that Hhex expression begins at the onset of hemangioblast development, it is critical to mention that there is conflicting data about the role of Hhex in hemangioblast development. 6, 13 Analysis by Kubo et al 13 of day 4 Hhex ϩ / ϩ , Hhex ϩ/Ϫ , Hhex Ϫ/Ϫ EBs showed no difference in the number of Flk-1 ϩ cells; however, day 4 Hhex Ϫ/Ϫ EBs showed an increase in the number of Blast colony-forming cells (BL-CFCs) after 3 days of differentiation. Conversely, Guo et al 6 did not observe a significant difference in the number of BL-CFCs formed from day 3 Hhex ϩ / ϩ , Hhex ϩ/Ϫ , Hhex Ϫ/Ϫ EBs. The differences in the role of Hhex in hemangioblast formation, among all 3 works, may be due in part to the different time points analyzed. 13 The increase in BL-CFC numbers observed by Kubo et al 13 may be reflected in our increase in Flk-1 ϩ cells at day 6 of coculture.
During definitive hematopoietic development, Hhex is expressed in various progenitor populations and is down-regulated on terminal differentiation. 3, 7, 9, 12 In the course of normal ES differentiation, CD41 cells develop from Flk1 ϩ hemangioblasts. 19 As these progenitors further develop, they begin to down-regulate CD41 expression and express CD45 (Figure 2 ). However, Hhex Ϫ/Ϫ hematopoietic cells accumulate as CD41 ϩ and CD41 ϩ c-kit ϩ definitive hematopoietic progenitors, while exhibiting reduced CD45 ϩ cell formation (Figures 2-3 ). Although loss of Hhex expression resulted in reduced CD45 ϩ production, the proportion of lymphoid or myeloid progeny within the CD45 ϩ cell population remains unchanged, suggesting that Hhex does not regulate lineage differentiation (Figure 4) . The persistence of a CD41 ϩ cell population, in the absence of increased apoptosis, suggests that Hhex regulates the maturation of the earliest definitive hematopoietic progenitors into more mature progenitors. Thus, this study identifies a key transcriptional regulator of hematopoietic progenitor maturation, which is essential for proper formation of the HSC.
Although our data suggest that Hhex is not required for proper hematopoietic differentiation, previous literature has shown that Hhex plays a significant role in B-cell development. 4 Bogue et al 4 show a decrease in B220 ϩ CD19 ϩ B-cell production in the spleen and bone marrow of Hhex Ϫ/Ϫ RAG1 Ϫ/Ϫ mice. In addition, Hhex Ϫ/Ϫ RAG1 Ϫ/Ϫ showed a significant increase in B220 Ϫ CD19 ϩ cells, which was recently identified as the progenitor for B-1 cell population. 4, 31 Whereas our data show a significant increase in the percentage in Hhex Ϫ/Ϫ B220 ϩ cells at day 6, an overall difference in B-cell potential is not observed over time (Figure 4) . The difference between Bogue et al 4 and our results may be due in part to the more detailed characterization of various B-cell populations by Bogue et al, 4 as well as different environmental factors. In general, these reports suggest that Hhex is important for various stages of hematopoietic development.
The increased presence of the Hhex Ϫ/Ϫ definitive hematopoietic progenitors appears to be the result of aberrant cell-cycle profiles. Cell-cycle analysis of Hhex Ϫ/Ϫ -derived CD41 ϩ CD45 Ϫ c-kit ϩ and CD41 ϩ CD45 ϩ c-kit ϩ cells shows that these progenitors accumulate in the G 2 phase of the cell cycle (Tables 1-2) . Fetal progenitor cells are highly proliferative, whereas adult HSCs are mostly quiescent. Proper cell-cycle status by fetal and adult HSCs is essential for HSC function, because knockout and knockdown of many cellcycle regulators has been associated with various hematopoietic defects. 32 Specifically, our data show that aberrant cell cycling by the Hhex Ϫ/Ϫ progenitors results in reduced colony formation and reduced colony size ( Figure 5 ). Although little is known about cell-cycle regulation of the developing fetal progenitor, Bmi-1, Gfi-1, and p21 have been described as playing a role in fetal HSC development and adult HSC self-renewal and quiescence. [33] [34] [35] [36] The commonality of various cell-cycle regulators in fetal and adult hematopoiesis suggest Hhex may also play an additional role in regulating quiescence in the adult HSC. Further studies are required to determine whether Hhex plays a role in adult HSC function.
Although the transcriptional network responsible for the development of fetal hematopoietic progenitors into functional adult HSCs still needs to be determined, Mll is already known to regulate the maturation of the earliest definitive hematopoietic progenitors. 25, 37 Hhex Ϫ/Ϫ and Mll Ϫ/Ϫ hematopoietic cells display similar and unique hematopoietic defects in vitro and in vivo. Colony assays from Mll Ϫ/Ϫ and Hhex Ϫ/Ϫ yolk sac cells display reduced colony numbers and size, compared with wt yolk sac cells. 6, 27 In addition, although Mll Ϫ/Ϫ EBs display normal CD41 ϩ c-kit ϩ formation, hematopoietic colony development from Mll Ϫ/Ϫ CD41 ϩ c-kit ϩ cells was significantly reduced. 25 Correspondingly, we observed that Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ exhibit reduced colony number and size ( Figure 5 ). Initial experiments show that Mll potentially plays a role in the Hhex hematopoietic defect, because Mll expression was found to be down-regulated in Hhex Ϫ/Ϫ CD41 ϩ CD45 Ϫ c-kit ϩ cells ( Figure 6 ). Considering most of the literature indicates that HHEX functions as a transcriptional repressor, it is unlikely that HHEX directly regulates the expression of Mll. 11, 38, 39 Instead, Hhex may regulate another transcriptional repressor, which controls Mll expression. These results show that Hhex regulates cell-cycle progression and maturation by the earliest definitive hematopoietic progenitors and begins to place Hhex within a transcriptional network. Future work is necessary to determine whether Mll is a direct target of Hhex-mediated transcription.
Previous literature has linked Mll to the cell-cycle machinery. 28, 29 MLL exhibits a biphasic expression pattern, with the timing of MLL expression being required for proper G 1 /S transition and M phase progression. 40 Evidence from other systems suggest that Mll plays a role in G 2 /M progression, because HeLa cells transfected with an MLL1-antisense-oligoenucletide exhibit an increased percentage of cells in G 2 /M. 41 Analogously, knockdown of Mll5 in HeLa cells resulted in G 2 /M arrest due to increased p21 expression. 42 CD41 ϩ CD45 Ϫ c-kit ϩ and CD41 ϩ CD45 ϩ c-kit ϩ show a statistically significant accumulation of cells in the G 2 phase of the cell cycle, and these observed results suggest that G 2 accumulation by Hhex Ϫ/Ϫ progenitors may in part be due to reduced Mll expression (Table 1; Figure 6 ). Although additional experiments are needed to more clearly define the Hhex/Mll connection, these results expand our understanding of the regulatory network required for the proper proliferation by fetal hematopoietic progenitors.
To date SCL, c-Myb, Runx1, Cdx4, Gata-2, and Mll have all been described as being required for the proper development of the earliest hematopoietic lineages. [43] [44] [45] [46] [47] [48] SCL/tal1 is involved in the specification of both the primitive and definitive hematopoietic lineages from the hemangioblast, whereas Runx1 is required for the emergence of all definitive hematopoietic cells. 43, 47 Because Hhex appears to play a role in 2 distinct developmental stages, one would hypothesize that Hhex is downstream of both SCL and Runx1 transcriptional activity. Incidentally, recent literature suggests that Scl binds to the Hhex enhancer region, suggesting a role for Hhex transcriptional regulation by Scl. 49 Disruption in Mll, c-Myb, Gata-2, and Cdx4 gene expression lead to defects in definitive hematopoietic progenitor cell production and function. Additional experiments are necessary to further define the relationship between Hhex and those genes involved in fetal progenitor cell development.
Hematopoietic stem and progenitor cells go through various changes in gene expression, function, and self-renewal potential throughout developmental life. HSCs transition, shortly after birth, from a highly proliferative fetal state to a mainly quiescent adult state. 33 Here, our data identify Hhex as being a unique regulator of hematopoietic development, in that it regulates 2 key different hematopoietic steps. First, Hhex is required for the initial specification of the hemangioblast from mesodermal precursors, and, second, Hhex is required for the maturation and proliferation of early definitive hematopoietic progenitors. Without proper regulation of these initial developmental steps adult stem cell function productivity is compromised, as evidence by reduced colony formation by Hhex Ϫ/Ϫ progenitors.
Recently, Hhex has been implicated in acute myeloid leukemia, with the discovery of a chromosomal translocation composed of the N-terminal region of the nucleoporin 98 to the HHEX homeodomain. 50 On the basis of our findings aberrant cell-cycle progression potentially could contribute to Hhex-mediated leukemogenesis. A clear understanding of Hhex transcriptional targets in both fetal and adult HSCs could provide insights into the selfrenewal program affected by the Hhex chromosomal translocation, which is relevant for providing novel targets for therapies.
In summary, our data clearly indicate that Hhex is a critical and unique regulator of hematopoietic progenitor cell maturation, mediated by its effects on proliferation. This furthers our understanding of the intrinsic molecular cues directing the development of the HSC and may provide the basis for novel therapies in a subset of leukemias.
